Evidence suggests that women in academia are hindered by conscious and un-5 conscious biases, and often feel excluded from formal and informal opportunities for 6 research collaboration. In addition to ensuring fairness and helping to redress gender 7 imbalance in the academic workforce, increasing women's access to collaboration could 8 help scientific progress by drawing on more of the available human capital. Here, we 9 test whether researchers tend to collaborate with same-gendered colleagues, using more 10 stringent methods and a larger dataset than in past work. Our results reaffirm that 11 researchers co-publish with colleagues of the same gender more often than expected by 12 chance, and show that this 'gender homophily' is slightly stronger today than it was 10 13 years ago. Contrary to our expectations, we found no evidence that homophily is driven 14 mostly by senior academics, and no evidence that homophily is stronger in fields where 15 women are in the minority. Interestingly, journals with a high impact factor for their 16 discipline tended to have comparatively low homophily, as predicted if mixed-gender 17 teams produce better research. We discuss some potential causes of gender homophily 18 in science.
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Gender and coauthorship
Overall set of papers Male-biased subset, e.g.
Female-biased subset, e.g.
-Papers on Surgery -Older papers -Papers from Japan -Papers on Nursing -Newer papers -Papers from Serbia
The Wahlund effect Illusory preferences for same-gendered collaborators One paper with two women authors Figure 1 : The Wahlund effect can make it appear as if authors publish with same-gendered colleagues disproportionately often, even if collaboration is completely random with respect to gender. Here, coloured circles represent male and female authors, and coauthors are linked with lines. Across the whole set of ten papers, there is an apparent excess of same-gender collaborations: there are six same-gender papers and only four mixed-gender papers, which is fewer than the 10 × 2 × 0.5 × 0.5 = 5 mixed-gender papers expected under the null hypothesis that authors assort randomly. However, within each subset, there is no evidence that authors prefer to publish with same-gendered individuals (if anything, this small dataset suggests gender heterophily). The Wahlund effect will tend to inflate the frequency of same-gender coauthorships whenever the data is composed of two or more disconnected subsets of literature with different author gender ratios; these subsets could be research disciplines, older versus newer papers, or papers from authors in different countries. The example countries and disciplines were selected based on data in [5] . Of the 2116 journals for which we had adequate data in 2015-2016, 825 showed statistically significant evidence of gender homophily (denoted by α > 0), and 1 showed statistically significant evidence of heterophily (α < 0), after false discovery rate correction.
In the stacked density plot, the white area shows the number of journals for which homophily was significantly stronger than expected under the null hypothesis (corrected p < 0.05), while the blue area shows all the remainder. Patterns were similar whether α was calculated for all authors, for first authors only, or for last authors only. Points in the right panel show α for individual journals. The coefficient of homophily (α ) was slightly less positive when calculated for two-author papers only, relative to papers with longer author lists. The individual points, whose distribution is summarised by the violin plots, correspond to individual journals. The larger white points show the mean for each group (and its 95% CIs), as calculated by a Bayesian meta-regression model accounting for repeated measures of α within journals, as well as the precision with which α was estimated.
Relationship between journal impact factor and gender homophily 143 We observed a noisy but statistically significant linear relationship between standardised 144 journal impact factor and α , such that journals with a high impact factor for their discipline 145 had weaker gender homophily than did journals with a low impact factor for their discipline Given that we cannot identify individual researchers or their career stages, we used a simple 162 model to derive the theoretical expectations for α when the gender ratio differs between career 163 stages (see Methods). As shown in Figure 6 , we predict that α is expected to be non-zero, 164 even if collaborators are randomly selected with respect to gender, provided that there is 
Figure 4:
There is a weakly positive, non-linear relationship between the gender ratio of authors publishing in a journal, and the coefficient of homophily (α ). Specifically, journals with 50% women authors or higher tended to have more same-sex coauthorships than did journals with predominantly men authors. This relationship held whether α was calculated for all authors, first authors only, or last authors only. A negative value on the x-axis denotes an excess of men authors, a positive value denotes an excess of women authors, and zero denotes gender parity (i.e. equal numbers of men and women). The lines were fitted using generalised additive models with the smoothing parameter k set to 3. : Journal impact factor (expressed relative to the average for the discipline) is negatively correlated with α . The relationship is noisy (R 2 = 0.043), but the results suggest that journals with strong homophily tend to have lower impact factors than journals with weak homophily in the same discipline.
a gender gap between career stages. The extent to which α deviates from zero depends on 166 the relative frequencies of collaboration within and between career stages (rows and columns 167 in Figure 6 ), and the size of the gender gap between stages (x-and y-axes in Figure 6 ).
168
When >50% of coauthor pairs comprise one early-career and one established researcher, we 169 expect gender heterophily (α < 0) whenever the gender ratio differs between career stages.
170
Conversely, when >50% of collaborations are between people at the same career stage, we 171 expect gender homophily (α > 0). In a few parameter spaces (shown in red; Figure 6 ), α was 172 quite high, and overlapped with the values that we estimated (Figure 2 ).
173
Despite this overlap, Figure 6 suggests that our main conclusions (and those of other studies 174 of gender homophily) are probably robust to this career stage issue. We only expect strongly 175 positive α when A) the gender ratio is highly skewed across career stages (e.g. a 5-fold 176 difference), and B) collaborations between early and established researchers are very rare (e.g.
177
<10% of the total). Both of these conditions seem unlikely to be true for most fields: the 178 gender gap across careers stages is generally less pronounced [1, 5] , and it is very common for Lastly, we note that if there is a gender gap between career stages and coauthorships between 184 early-career and established researchers comprise >50% of the total, then the baseline 185 expectation for α is actually less than zero (blue areas in Figure 6 ). Therefore, it is possible 186 that researchers preferentially assort with same-gendered collaborators even more strongly 187 than implied by our results, at least for certain journals or research disciplines.
188
Discussion 189 We found evidence that researchers work with same-gendered coauthors more often than had α values below zero, and almost no journals showed statistically significant gender 194 heterophily after controlling for multiple testing. The excess of same-gender coauthorships 195 was quite large: many journals had α > 0.1, indicating that the gender ratio of men's and 196 women's coauthors differs by >10% in absolute terms. In relative terms, our findings are 197 even more striking: for example, if men have 20% female coauthors and women have 30% 198 (i.e. α = 0.1 in a field with a typical gender ratio [5]), then women publish with women 50% 199 more often than men do.
200
An important limitation of our study is that we cannot reliably determine the cause(s) of 201 the observed excess of same-gender coauthorships. As well as the obvious interpretation 202 -conscious or unconscious selection of same-gender collaborators by men, by women, or 203 both -our results could be partly explained by uncontrolled Wahlund effects. However, we 204 suspect the contribution of these uncontrolled artefacts to be minor, for four reasons: we 205 Figure 6 : When the gender ratio of early-career researchers is not equal to the gender ratio among established researchers, the null expectation for α is not necessarily zero. Specifically, if most collaborations occur between career stages, there will be an excess of mixed-gender collaborations (α < 0, blue areas), while if most collaborator pairs comprise two people at the same career stage, there will be an excess of same-gender collaborations (α > 0, red areas). However, the conditions required for strong gender homophily (i.e. the red areas) are quite restrictive, making it unlikely that this issue can fully explain the homophily observed in our study. Additionally, in research disciplines where between-career stage collaboration is common and there is a shortage of women among established researchers (i.e. the blue areas), our study will underestimate the strength of gender homophily. Contour lines denote increments of 0.1.
as likely to be women as are authors based in Japan. Therefore, a dataset containing a mix 364 of papers from teams of authors based in these two countries would contain an excess of 365 same-sex coauthorships, even if collaboration were random with respect to gender within 366 each country.
367
To address this issue, we also analysed every combination of journal and author country of 
374
Calculating standardised journal impact factor 375 We obtained the 3-year impact factor for each journal from Clarivate Analytics (formerly 376 ISI). To account for large differences in impact factor between disciplines, we took the the 377 residuals from a model with log 10 impact factor as the response and the research discipline of 378 the journal as a random effect. Thus, journals with a positive standardised impact factor 379 have a higher mean number of citations than the average for journals in their discipline. We 380 then used Spearman rank correlation to test whether α was correlated with impact factor 381 across journals.
382
Statistical analysis 383
Previous authors [66, 73] have hypothesised that senior scientists preferentially recruit staff 384 and students of the same gender, and/or that junior researchers preferentially select same-385 gendered mentors. In the majority of PubMed-indexed disciplines, authorship conventions 386 mean that the first-listed author is often an early-career researcher, while the author listed 387 last is more likely to be a senior researcher leading a research team [74] . Assuming that senior 388 researchers are the main drivers of homophily and that there are enough papers with three 389 or more authors, we predict that the last author's gender will be the strongest predictor of 390 the remaining authors' genders (i.e. the gender of the last author will be more salient than 391 that of the first author, or any other authorship position). This is because the first author's 392 gender would simply be an imperfect correlate of the true causal effect, while the last author's 393 gender would be the causal effect itself.
394
To test whether α for last authors tends to be higher than α for first authors for any given 395 dataset, we used a linear mixed model implemented in the lme4 and lmerTest packages for 396
